Multiple sclerosis (MS) is a disease involving oxidative stress (OS). This study was aimed at examination of the effect of melatonin supplementation on OS parameters, especially oxidative protein modifications of blood serum proteins, in MS patients. The study included 11 control subjects, 14 de novo diagnosed MS patients with the relapsing-remitting form of MS (RRMS), 36 patients with RRMS receiving interferon beta-1b (250 μg every other day), and 25 RRMS patients receiving interferon beta-1b plus melatonin (5 mg daily). The levels of N′-formylkynurenine, kynurenine, dityrosine, carbonyl groups, advanced glycation products (AGEs), advanced oxidation protein products (AOPP), and malondialdehyde were elevated in nontreated RRSM patients. N ′ -Formylkynurenine, kynurenine, AGEs, and carbonyl contents were decreased only in the group treated with interferon beta plus melatonin, while dityrosine and AOPP contents were decreased both in the group of patients treated with interferon beta and in the group treated with interferon beta-1b plus melatonin. These results demonstrate that melatonin ameliorates OS in MS patients supporting the view that combined administration of interferon beta-1b and melatonin can be more effective in reducing OS in MS patients than interferon beta-1b alone.
Introduction
Multiple sclerosis (MS) is one of the most widespread chronic inflammatory, demyelinating diseases of the central nervous system (CNS), which leads to damage of myelin and axons. Although the exact cause of MS is unknown, it is considered that genetic predisposition, environmental factors, and abnormal immune response, consisting of delivery of cytokines from lymphocytes including Th1 and Th17 cells, contribute to the pathogenesis of this disease [1, 2] . In recent years, the factors involved in the etiology of the disease have also included oxidative stress (OS), which is defined as an imbalance between the generation of reactive oxygen species (ROS) and the mechanisms that are responsible for their elimination. It is suggested that the increased generation of ROS and reactive forms of nitrogen (RNS) leads to oxidative and nitrosative stress causing damage to mitochondria and myelin, oligodendrocyte apoptosis, and astrocyte dysfunction [3] . Elevated OS markers were observed in the blood, plasma, and cerebrospinal fluid of patients with relapsingremitting (RRMS) form of MS [4] [5] [6] [7] and in the plasma of patients with secondary progressive (SPMS) form of MS [7] , which confirms that OS plays a significant role in MS and implies that oxidative damage to blood serum proteins correlates with the severity of disease.
Melatonin (N-acetyl-5-methoxytryptamine; MEL) is a natural hormone derivative of tryptophan. In animals, it is synthesized primarily by pinealocytes of the pineal gland and regulates sleep and wakefulness. Melatonin is known as a scavenger of reactive oxygen and nitrogen species and an agent decreasing ROS generation as well as increasing the activity of antioxidant enzymes and glutathione content [8] .
More and more studies have reported that MEL can improve memory impairment as a result of its antioxidant properties, which indicates that MEL may have a beneficial role in the treatment of neurodegenerative disorders involving enhanced OS [9] [10] [11] [12] .
Furthermore, MEL reduced clinical scores as well as ROS generation and delayed manifestation of motor symptoms in experimental autoimmune encephalomyelitis, which is an often used animal MS model. MEL also restored increased levels of microglia and CD4+ T cells in untreated animals to the control level and decreased the loss of oligodendrocytes, demyelination, and axonal injury [13] .
In view of the occurrence and postulated role of OS in MS, examination of the effects of antioxidants in combination with standard treatment seems noteworthy. This study was aimed at examining the effect of MEL on the OS markers in MS patients treated with interferon beta-1b, basing mainly on the oxidative modifications of serum proteins as sensitive markers of OS [14, 15] .
Patients and Methods
2.1. Patients. The study was approved by the local Ethics Committee of the Medical University of Silesia (KNW/ 0022/KB1/130/12). Informed consent was obtained from all individual participants included in the study. After obtaining informed consent, demographic data, Kurtzke's Expanded Disability Status Scale (EDSS) [16] , and MRI examinations were performed in all MS patients at the beginning of the study, in accordance with standard clinical protocols. Neurological examination was performed by a qualified neurologist using the EDSS before the therapy and after its completion.
We excluded patients with the following chronic disorders: diabetes, obesity (BMI over 30), hormonal, urinary or liver abnormalities, infectious or inflammatory diseases, dyslipidemia, and smoking. We also excluded patients taking antioxidant substances, vitamins, or anti-inflammatory medications, as well as those who received hormonal treatment within the last 3 months before the study and those who took sleeping medication in the last 2 weeks before the study.
The patients were divided into the following groups: 2.7. Estimation of Thiol Groups. Thiol groups were estimated using a modification of the Ellman's method [18] . Samples (20 μl) were pipetted to wells of a 96-well plate containing 100 μl of 0.1 M phosphate buffer, pH 8.0. Afterwards, 2 μl of 10 mg/ml Ellman's reagent [5,5 ′ -dithiobis-(2-nitrobenzoic acid); DTNB] was added. Absorbance was measured after 1 h incubation in the dark at 37°C at the wavelength of 412 nm against a reagent blank. The thiol group content was calculated on the basis of a standard curve using glutathione as a standard.
Estimation of Protein.
The protein concentration was estimated using the method of Lowry et al. [19] . Serum diluted 200 times with PBS (100 μl) was mixed with 500 μl of the Lowry reagent (formed by mixing 30 ml of 2% Na 2 CO 3 in 0.1 M NaOH, 0.6 ml of 5% C 4 H 4 O 6 KNa·4H 2 O, and 0.6 ml of 2% Cu 2 SO 4 ) and incubated at room temperature for 10 min. Afterwards, 50 μl of the Folin-Ciocalteu reagent was added; the plate was shaken and incubated at room temperature for 30 min. The absorbance was measured at 750 nm. Standard curve was prepared with human serum albumin (0-300 μg/ml). -2,4,6-tripyridyl-s-triazine complex to the ferrous form at low pH was monitored by measuring the absorption change after 20 min incubation at room temperature at 593 nm. The value was calculated relevant to the activity of Trolox and expressed as μmoles Trolox equivalents/l (μM).
Estimation of Malondialdehyde (MDA

Estimation of Total Antioxidant Capacity with ABTS
* . Antiradical activity is a measure of the ability of a given compound to react with free radicals. One stable free radical employed in such reactions is the 2,2′-azinobis(3-ethylbenzthiazoline-6-sulfonic acid) radical (ABTS * ). Standard antioxidants react rapidly with ABTS * (within seconds; "fast antioxidants") while some react at a lower rate ("slow antioxidants") [22] . Briefly, 2 μl of sample and 18 μl of PBS were added to a solution of ABTS * , diluted such that 200 μl of the solution had absorbance of 1.0 in a microplate well. The decrease in ABTS * absorbance was measured after 1 min ("fast" scavenging) and between 10 and 30 min ("slow" scavenging) of incubation at ambient temperature (21 ± 1°C) at 414 nm. ABTS * scavenging activity was calculated relevant to the activity of Trolox and expressed as μmoles Trolox equivalents/l (μM). 
Results and Discussion
There are several amino acid residues in proteins which are most sensitive to oxidative insult: first of all, cysteine, tryptophan, and tyrosine residues. The decrease in the level of these residues and increase in the level of their modification products are useful biomarkers of OS in vitro and in vivo.
The level of thiol groups in blood serum reflects predominantly the cysteine thiol groups of serum proteins. The level of thiol groups in the serum, expressed both as thiol concentration and the thiol content of serum proteins, decreased in nontreated patients (from 0.58 ± 0.05 to 0.52 ± 0.09 mM and from 0.52 ± 0.09 to 6.84 ± 0.95 nmol/mg protein, resp.), and the magnitude of this decrease was attenuated in patients treated with INF-beta and INF-beta plus MEL. However, these changes were devoid of statistical significance (not shown).
As a result of OS, the level of tryptophan fluorescence decreases and the levels of products of oxidative destruction of tryptophan such as kynurenine and N ′ -formylkynurenine, easily detectable by fluorescence, increased.
The values of tryptophan fluorescence decreased in the nontreated patients to 94.9 ± 8.4% of the control value. This decrease was attenuated in patients treated with INF-beta-1b and INF-beta plus MEL, but all these changes lacked statistical significance (not shown).
The content of N′-formylkynurenine in blood serum proteins of nontreated MS patients was significantly increased with respect to control (p < 0 001). Treatment with INFbeta plus MEL prevented this increase (p < 0 001), while treatment with INF-beta alone was ineffective (Figure 1) .
The content of kynurenine in blood serum proteins of nontreated MS patients was significantly increased with respect to control (p < 0 05). Treatment with INF-beta plus MEL prevented this increase (p < 0 01), while treatment with INF-beta alone was again ineffective (Figure 2) .
Tyrosine residues are other residues in proteins sensitive to oxidation and also to nitration. Free radical oxidation of tyrosine creates tyrosyl radicals; dimerization of tyrosyl radicals forms dityrosine, which can also be estimated on the basis of its characteristic fluorescence.
The level of dityrosine in blood serum proteins of nontreated MS patients was significantly elevated with respect to control (p < 0 001). Treatment with INF-beta (p < 0 01) and especially with INF-beta plus MEL (p < 0 001) eliminated this elevation (Figure 3) .
Protein carbonylation is perhaps the most commonly studied oxidative protein modification induced by ROS. It usually refers to a process that produces reactive ketone or aldehyde residues on proteins that can react with 2,4-dinitrophenylhydrazine (DNPH) to form hydrazones. Protein carbonylation can occur via two ways, as "primary protein carbonylation" by direct oxidation of side chains of some amino acid residues, initiated by ROS and usually metalcatalyzed, and by "secondary protein carbonylation" via addition of aldehydes, generated mainly from lipid peroxidation, such as 4-hydroxynonenal (4-HNE), 2-propenal (acrolein), and malondialdehyde, as well as carbonylbearing products of sugar glycoxidation [23, 24] .
The level of protein carbonyls increased in nontreated patients with respect to control (p < 0 001); this increase was significantly attenuated (p < 0 05) in patients treated with INF-beta plus MEL. The level of protein carbonyls was also decreased in patients treated with only INF-beta, but the decrease was not statically significant with respect to nontreated patients (Figure 4) . Reaction of glycoxidation end products (AGEs) with proteins leads to formation of products with characteristic fluorescence. The fluorescence of AGEs in blood serum proteins of nontreated MS patients was significantly elevated with respect to control (p < 0 01). Treatment with INF-beta and MEL prevented this elevation (p < 0 001), while the effect of INF-beta alone was devoid of statistical significance ( Figure 5) .
The reasons for increase in the AGE fluorescence seem to be unclear as the glucose level is not increased in the patients. It may be perhaps attributed to the acceleration of protein glycation by OS demonstrated to occur in vitro [25] . The majority of AGEs in vivo are mainly formed in a fast reaction of dicarbonyl compounds, such as methylglyoxal (MGO) and glyoxal, with proteins. Furthermore, the main detoxification system of dicarbonyl compounds, the glyoxalase system, seems to be affected in MS patients, which may contribute to high MGO-derived AGE levels [26] . Advanced glycation end products are increased in inflammatory diseases such as atherosclerosis, obesity, and diabetes and also in neuroinflammatory diseases such as Alzheimer's disease and Parkinson's disease. It was reported that AGEs are increased in the plasma and CNS of MS patients [26, 27] . Wetzels et al. [26] suggested that the accumulation of AGEs in the plasma and central nervous system of MS patients compared to healthy controls may contribute to neuroinflammation and the progression of MS.
Advanced oxidation protein products (AOPP) consist of oxidized, dityrosine-containing, crosslinked proteins formed mainly by reactions of reactive chlorine species with plasma proteins [28] . The level of AOPP was increased in the nontreated patients (p < 0 05); this increase was attenuated in patients treated with INF-beta and INF-beta plus MEL ( Figure 6 ).
Oxidative stress in MS patients was also assessed on the basis of standard parameters such as the level of malondialdehyde (MDA) and total antioxidant capacity of blood serum.
The MDA concentration in blood serum was elevated in the nontreated patients, but treatment with either INF-beta or INF-beta plus melatonin did not attenuate this increase (Figure 7 ).
Blood serum FRAP was decreased in nontreated MS patients from 368.6 ± 77.7 to 318.0 ± 77.8 μM Trolox equivalents; this decrease was attenuated especially in patients treated with INF-beta plus MEL (378.0 ± 112.8 μM Trolox equivalents), but all these changes lacked statistical significance.
"Fast" ABTS * scavenging activity of blood serum was decreased in the patients with respect to control subjects, but this decrease was devoid of statistical activity. However, treatment with INF-beta and with INF-beta plus MEL caused significant elevation of this activity (p < 0 001 and p > 0 01, resp.). MEL alone could not contribute significantly to the ABTS * scavenging activity of blood serum as its submicromolar concentrations attainable in vivo are insignificant with respect to other contributing compounds [29] . "Slow" ABTS * scavenging activity was increased in the nontreated patients (devoid of statistical significance); treatment with either INF-beta or INF-beta plus MEL decreased "slow" ABTS-scavenging activity (p < 0 001 in both cases; Figure 8 ).
It is not obvious what determines the "slow" ABTS * scavenging activity of blood serum. Amino acids such as tryptophan and tyrosine show this type of reactivity [22] . It is possible that the increase in the "slow" ABTS * scavenging activity may be due to leakage of some intracellular slowly reacting antioxidants.
In summary, the study corroborates the usefulness of protein oxidative modifications as sensitive markers of OS in MS. Our results confirm also previous findings on the occurrence of OS treatment of MS and attenuation of OS by INF-beta treatment, judging from the levels of oxidative modifications of blood serum proteins [14, 15] . The antioxidant effect of INF-beta is due to its immunomodulatory and anti-inflammatory action [1] . Combined treatment with INF-beta and melatonin was more effective in attenuating oxidative stress, being effective in diminishing the increase in the levels of N′-formylkynurenine, kynurenine, carbonyl, and AGE content where treatment with INF-beta alone was ineffective. These results confirm our previous finding on the attenuation of OS in MS patients treated with INF-beta and MEL, on the basis of reduction of lipid plasma hydroperoxide level [30] . It does not seem probable that the attenuation of OS by MEL in MS patients is due to the direct antioxidant activity of this compound, as discussed above. However, MEL is also an indirect antioxidant, acting via stimulation of biosynthesis of antioxidants and other protective proteins, which may be the major mechanisms of its action. MEL was shown to increase the level of expression of genes coding for catalase, MnSOD, and sirtuin 1 [31] and is known to regulate the mitochondrial bioenergetic function [32] . Moreover, MEL directly interferes with the differentiation of T cells, inducing the expression of the repressor transcription factor Nfil3, blocking the differentiation of pathogenic Th17 cells and boosting the generation of protective Tr1 cells via Erk1/2 and the transactivation of the IL-10 promoter by ROR-α [33] ; MEL inhibits also demyelination and increases remyelination [34] . These multiple effects of MEL may, apart from its antioxidant effects, contribute to its positive effects in MS [1, 30, 33, 35] .
Conclusion
This study demonstrates that MEL administration to MS patients undergoing therapy with INF-beta ameliorates oxidative stress, decreasing the extent of the majority of protein oxidative modifications examined. These results support the view that combined administration of INF-beta and MEL can be more effective in reducing oxidative stress in MS patients than INF-beta alone.
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